ABSTRACT: The ribosomal RNA (rRNA) gene region of the microsporidium Heterosporis anguillarum has been examined. Complete DNA sequence data (4060 bp, GenBank Accession No. AF402839) of the rRNA gene of H. anguillarum are presented for the small subunit gene (SSU rRNA: 1359 bp), the internal transcribed spacer (ITS: 37 bp), and the large subunit gene (LSU rRNA: 2664 bp). The secondary structures of the H. anguillarum SSU and LSU rRNA genes are constructed and described. This is the first complete sequence of an rRNA gene published for a fish-infecting microsporidian species. In the phylogenetic analysis, the sequences, including partial SSU rRNA, ITS, and partial LSU rRNA sequences of the fish-infecting microsporidia, were aligned and analysed. 
INTRODUCTION
The causal agent behind 'beko disease' afflicting the eel Anguilla japonica is known to be the microsporidium Heterosporis anguillarum which infects the skeletal muscle of the eel. This microsporidium had been assigned to the genus Pleistophora (Hoshina 1951) , and it has been suggested that P. anguillarum should be transferred to the genus Heterosporis and renamed H. anguillarum (Lom et al. 1989 (Lom et al. , 2000 . Despite the morphological evidence, comparative studies of partial small subunit ribosomal RNA (SSU rRNA) gene sequences of H. anguillarum with those of other microsporidia reveal that H. anguillarum does not belong to the genus Pleistophora (Nilsen 2000) . Hence, the taxonomic position of this microsporidium has been redefined.
A partial SSU rRNA sequence (1183 bp) of Heterosporis anguillarum has been published in a previous study (Hung et al. 1998) . Comparison studies and phylogenetic analysis of SSU rRNA gene sequences of fishinfecting and other microsporidia show that they can be divided into 3 major groups. H. anguillarum is a member of Group III (or Group I: Nilsen et al. 1998 ) which consists of all the fish-infecting microsporidia, except Nucleospora salmonis, and H. anguillarum is not closely related to the Pleistophora species (Nilsen 2000) . In contrast to the studies of SSU rDNA, only a few large subunit ribosomal RNA (LSU rDNA) gene sequences and complete rDNA sequences of microsporidia have been reported and compared (Baker et al. 1994 , Zhu et al. 1994 , de Rijk et al. 1998b , Gatehouse & Malone 1998 , Peyretaillade et al. 1998 . In this paper we present a complete rDNA sequence including the SSU rRNA gene internal transcribed spacer (ITS) and LSU rRNA gene from H. anguillarum. The sequences, organization, and secondary structure of the H. anguillarum rRNA gene are compared and discussed. The phylogenetic relationship of H. anguillarum to other fish-infecting microsporidia is also discussed.
MATERIALS AND METHODS
Spore purification and genomic DNA preparation. Microsporidian spores of Heterosporis anguillarum were isolated from Japanese eels with symptoms of 'beko disease'. The purification of spores was carried out as described previously (T'sui & Wang 1988) . The suspension of purified spores (2 × 10 7 spores in 0.25 ml TE buffer) was mixed with equal volumes of zirconia/silica beads (0.1 mm diameter) in 10 × 75 mm glass tubes and then shaken at maximum speed on a vortex mixer for 1 min (Undeen & Cockburn 1989) . The DNA was extracted using the QIAamp DNA Mini Kit (Qiagen) according to the manufacturer's instructions. The DNA concentration was counted with a GeneQuant II RNA/DNA calculator (Pharmacia). The DNA was eluted in buffer and stored at -20°C until use.
PCR amplification, cloning and sequencing of the rRNA gene. The genomic DNA (100 ng) was mixed in a 100 µl reaction mixture containing 10 mM Tris-HCl, pH 9.0, 50 mM KCl, 1.5 mM MgCl 2 , 100 mM of each dNTP, 100 pmol of each primer (Table 1) , and 2.5 U of Taq DNA polymerase (Promega). The amplification was performed in an AG-9600 Thermal Station (Biotronics) for 40 cycles, each with the following profile: 94°C for 0.5 min, 50°C for 0.5 min, and 72°C for 2 min. A 10 µl aliquot from each reaction was run on a 1.0% agarose gel to visualize the PCR products and photographed using the Eagle-Eye II photo-documentation system (Stratagene). The PCR products were cloned into the pGEM-T Easy Vector System (Promega). White colonies were selected and both DNA strands of the cloned DNA fragments were sequenced on an automated DNA sequencer (DNA Sequencer 377, Applied Biosystems).
Amplification and sequencing strategy. The primers used for rRNA gene amplification and sequencing are shown in Table 1 . The strategy of amplification and sequence is shown in Fig. 1 . The complete DNA sequence of the SSU rRNA gene of Heterosporis anguillarum was amplified using a primer set: 18f and 1537r (Vossbrinck et al. 1993 ). The fragment containing ITS was amplified using a primer set: HG4F and HG4R (Gatehouse & Malone 1998) . The amplicon's sizes with these 2 primer sets are shown in Table 1 and Fig. 2A .
The major sequence of the LSU rRNA gene was achieved by sequencing the amplicon of a primer set: LS228F and ILSUR (Table 1 , Fig. 2A , Lane 2). Primer LS228F is a complementary sequence of 228r (Vossbrinck et al. 1993) , and Primer ILSUR was designed from the highly conservative sequence of the eukaryotic LSU rRNA gene sequence. Six internal sequencing primers were designed for sequencing the LS228F/ILSUR amplicon ( Table 1) .
The 3' end of the LSU rRNA gene sequence was followed by the single-specific-primer PCR (SSP-PCR) technique (Shyamala & Ames 1989 Table 1 . The arrows represent the 3'-end of each primer: the gray-shaded primers produce the major coding regions of rDNA, and the product of the white primers contains the internal transcribed spacer (ITS); the black primer is used as a specific primer for amplifying the 3'-end of large subunit rDNA. H: HindIII restriction site digested with Pst I and HindIII, and ligated to the Pst I/ HindIII-digested DNA of pBluescript II SK-vector (Stratagene). The ligated DNA was used as template DNA. The forward primer, ILSUF, was designed from the sequence of the concordant region of Primer ILSUR from the eukaryotic rRNA sequence (Table 1) , and the Reverse Primer T7 (5'-TAA TAC GAC TCA CTA TAG GGC-3') was given by the Stratagene company. After PCR amplification, the specific amplicon ( Fig. 2B ) was obtained and sequenced on an automated DNA sequencer. Secondary structure construction. The secondary structures of Heterosporis anguillarum rRNA were constructed by a manual and automatic method starting from DCSE alignment files and drawn by RnaViz program (de Rijk & de Wachter 1997) . Using the DCSE alignment editor (de Rijk & de Wachter 1993) , the secondary structures of SSU rRNA (van de Peer et al. 2000) and LSU rRNA (Wuyts et al. 2001) were aligned to the rRNA database. The helices in the rRNA secondary structure elements were localized and given a number in all known eukaryotic rRNA (50 helices in eukaryotic SSU rRNA, A-I regions and hypervariable areas, V1-12 in eukaryotic LSU rRNA).
Phylogenetic analysis. The Heterosporis anguillarum rRNA gene sequence -including partial SSU rRNA, ITS, and partial LSU rRNA, located from position 461 to 1826 (1366 bp) -was aligned with that of the fish-infecting microsporidia (the sequences from GenBank), using the CLUSTAL W program (Thompson et al. 1994) . The concordant sequence of Nucleospora salmonis (GenBank Accession No. U78176) was used as an outgroup. Phylogenetic analysis was performed using the heuristic search with the maximumlikelihood algorithm with PAUP 4.0b4a (Swofford 1998) . One hundred bootstrap replicates were generated to test the robustness of the tree.
RESULTS

SSU rRNA gene sequence
The complete DNA sequence of the SSU rRNA gene of Heterosporis anguillarum has been submitted to GenBank, the accession number is AF402839. The SSU rRNA gene contains 1359 bp, and the base composition is 54.1% G+C. The secondary structure model incorporated in the database for the SSU rRNA of H. anguillarum is shown in Fig. 3 . This model consists of a core (formed by 1, 2, and 31 helices) and 4 branches (formed by 1-21, 22-30, 32-48 , and 49-50 helices) from the 5' end clockwise to the 3' end. The helices 10, 18, and 46 were missing, and a helix specific to the eukaryotic model was numbered E23-1 (57 bp) which localized between 23 and 24 helices.
The sequence identity among Heterosporis anguillarum SSU rRNA and other fish-infecting microsporidia (from GenBank) in the Pleistophora group (P. typicalis, P. hippoglossoideos, Pleistophora sp. 2, P. ehrenbaumi, and Pleistophora sp.1; GenBank Accession Nos.: AF044387, AF044388, AF044389, AF044392, and AF044394, respectively) was 91%; Glugea anomola (AF044391), P. finisterrensis (AF044393), Pleistophora sp. 3 (AF044390), and Loma salmonae (U78736) showed homologies of 89, 90, 90 and 84%, respectively, and Nucleospora salmonis (U78176) showed only a 61% homology.
ITS sequence
The ITS region, localized between SSU and LSU rRNA, contains only 37 bp. The base composition of the ITS sequence is 40.5% G+C. The sequence identity between Heterosporis anguillarum ITS and other fishinfecting microsporidia was 68 to 71% homology for the Pleistophora group. Glugea anomola, P. finisterrensis, Pleistophora sp. 3 and Loma salmonae showed homologies of 39, 44, 44 and 56% respectively. Nucleospora salmonis showed only 9%.
LSU rRNA gene sequence
For sequencing the 3' end of the LSU rRNA gene, the Pst I site in the sequenced PCR product with a primer set (LS228F and ILSUR) was found. Heterosporis anguillarum LSU rRNA (Peyretaillade et al. 1998 , GenBank Accession No. AJ005581), a putative terminal region was identified (Fig. 4) . The secondary structure of the LSU rRNA gene of Heterosporis anguillarum is shown in Fig. 4 . The LSU rRNA gene contains 2664 bp and the base composition of the LSU rRNA sequence is 58.9% G+C. The secondary structure of the LSU rRNA of H. anguillarum is basically similar to that of Nosema apis (de Rijk et al. 1998b) . Seven groups (B to I) can be distinguished clockwise from a core area. Fig. 4 also shows 12 hypervariable areas (V1-12); 4 helices (B7, B8, B14, and D5) are missing. Based on the secondary structure of the eukaryotic LSU rRNA (de Rijk & de Wachter 1997) , 4 areas of the hypervariable areas are almost entirely missing (e.g. V2, V8, V10 and V12), and 4 areas are extremely reduced (e.g. V1, V3, V5 and V6).
Due to the lack of complete rRNA sequences among the fish-infecting microsporidia, a comparison of the corresponding LSU rRNA sequences of Heterosporis anguillarum and other fish-infecting microsporidia (from GenBank) was done. The sequence identities between H. anguillarum and other fish-infecting microsporidia were 80 to 83% homology for the Pleistophora group, Glugea anomola, P. finisterrensis, Pleistophora sp. 3 and Loma salmonae showed homologies ranging between 73 and 74%. Nucleospora salmonis showed only 54%.
Phylogenetic analysis
The phylogenetic tree constructed with data from the Heterosporis anguillarum rRNA sequence including partial SSU rRNA, ITS, and partial LSU rRNA, located from 461 to 1826 bp (1366 bp), was aligned with similar fish-infecting microsporidian sequences obtained from GenBank. The corresponding sequence of Nucleospora salmonis is as an outgroup. The analysis uses the heuristic search with the maximum-likelihood algorithm method. The result is shown in Fig. 5 . Except for N. salmonis, the fish-infecting microsporidia belong to Group I based on the SSU rRNA phylogenetic analysis (Nilsen et al. 1998 (Nilsen et al. 1998) . Loma salmonae is a unique species.
DISCUSSION
Microsporidia are obligate intracellular parasites lacking mitochondria. The identification of the microsporidian genus and its species has traditionally relied on key characters of host origin, morphology, and developmental cycles by light and electron microscopic studies (Sprague 1977 , Canning & Lom 1986 ). Some seem to have little or no value in taxonomic identification, especially for closely-related species which lack morphological and life cycle data, due to the fact that the rRNA gene exists in multiple copies in eukaryotic and prokaryotic cells. The rRNA components of eukaryotes and prokaryotes differ in the gene organization and size. The nucleotide sequences of rRNA genes contain highly variable and conserved regions that provide a means for analyzing phylogenetic relationships over a wide range of taxonomic levels. Nucleospora salmonis as an outgroup (Vossbrinck et al. 1987 , Galtier & Gouy 1995 . No distinct 5.8S rRNA gene has been found in any reported microsporidian rRNA gene (Vossbrinck & Woese 1986 , Gatehouse & Malone 1998 , and the sequences of microsporidian rRNA are shorter than the known sequences of eukaryotic or prokaryotic rRNA (de Rijk et al. 1998a ). We found these characteristics also in the Heterosporis anguillarum rRNA sequence. The microsporidian rRNA sequences, especially the SSU rRNA sequences, are chosen to investigate the taxonomic position and phylogeny of microsporidia species (Vossbrinck et al. 1987 , Visvesvara et al. 1994 , Baker et al. 1995 , Malone & McIvor 1996 , Pieniazek et al. 1996 , Nilsen et al. 1998 , Gresoviac et al. 2000 . In this paper, we edited the reported sequence (17 revised bases) (Hung et al. 1998 , GenBank Accession No. U47052) and carried out the complete sequence of rRNA gene of Heterosporis anguillarum. For phylogenetic analysis, this sequence was aligned with other known microsporidian SSU rRNA gene sequences of species that infect the muscles of fishes (Nilsen et al. 1998 , Nilsen 2000 . Nilsen et al. (1998) suggested that the classification of the genus Pleistophora needed re-evaluation and that the insect-parasitizing Pleistophora spp. are not related to the true pleistophoran parasites in the skeletal muscles of fish. Microsporidia can be divided into 2 groups, Group I consists of most fish-infecting microsporidian species. H. anguillarum belongs to Group I but is not a member of the Pleistophora group. Later, Nilsen (2000) compared the SSU rRNA sequences from 7 fish-infecting species with those from other microsporidia sequence data. He suggested again that microsporidia can be divided into 3 groups: the species of the Pleistophora group and H. anguillarum belong to Group III, previously Group I (Nilsen et al. 1998) . In this study, we realigned H. anguillarum and 10 fish-infecting microsporidia based on their sequences, including SSU rRNA, ITS and LSU rRNA. Our results support the conclusions of Nilsen et al. (1998) . These fish-infecting microsporidia (except for Nucleospora salmonis, the other 10 are Group I of Nilsen et al. 1998 ) can be divided into 2 subgroups; both H. anguillarum and the Pleistophora group belongs to the same subgroup (Subgroup II). This result reconfirms that H. anguillarum, while closely related, is not a member of the Pleistophora group. SSU and LSU rRNA genes are highly conserved among species, while ITS is highly variable rRNA with a high rate of evolution. With these characteristics, ITS sequences are frequently used to clarify the taxonomic position and phylogenetic relationship of species. Among 5 species of the Pleistophora group, the sequences of 2 genes and ITS showed a high homology (above 92%). Comparing the rRNA sequence homology of Heterosporis anguillarum and the Pleistophora group, we found that ITS (68 to 71% homology) and LSU rRNA (80 to 83% homology) had a much lower homology than SSU rRNA (90 to 91%, data not shown). These data make clear that the SSU rRNA gene has a much lower evolutionary rate than ITS or the LSU rRNA gene. With an attempt to clarify the relationship of H. anguillarum and other fish-infecting microsporidian species, we re-constructed a phylogenetic tree based on the sequence including the SSU rRNA gene, ITS and the LSU rRNA gene. Unfortunately, only 3 complete LSU rRNA gene sequences of microsporidia -Encephalitozoon cuniculi (Peyretaillade et al. 1998) , Microsporidium 57864 (GenBank Accession No. U90885), and Nosema apis (de Rijk et al. 1998b ) -have been published. With only limited available data of the complete sequences of microsporidian rRNA, only partial sequences of rRNA were used for this study. However, the phylogenetic tree of microsporidia should be reconstructed after more complete sequences of microsporidian rRNA are published.
Because RNA molecules form a structure of helical regions interspersed with single stranded areas, the secondary structure of RNA molecules can be helpful to fine-tune the alignment of sequences for phylogenetic studies (de Rijk & de Wachter 1997) . In this study, we constructed the secondary structures of Heterosporis anguillarum SSU and LSU rRNA and compared their structures with the published data (de Rijk & de Wachter 1997 , Wuyts et al. 2001 ). Although the available data are limited, we found that several helices can be used for identification or phylogenetic studies: 11, 17, E23-1, 43 and 45 helices for SSU rRNA, V3, V4 and V7 regions and B6, B21, and G5 helices for LSU rRNA. In fact, many microsporidian SSU rRNA sequences have been reported, so the comparison of the secondary structure of SSU rRNA needs to be elucidated further. While only 4 microsporidian LSU rRNA sequences (including H. anguillarum LSU rRNA) have been reported, it is difficult to compare the secondary structures of LSU rRNA. However the secondary structure of the rRNA sequence will provide an easy way to clarify or discriminate the taxonomic position and phylogenetic relationship of microsporidia.
